The origin of fatty acids on the prebiotic Earth is important as they likely formed the encapsulating membranes of the first protocells. Carbon-rich meteorites (i.e., carbonaceous chondrites) such as Murchison and Tagish Lake are well known to contain these molecules, and their delivery to the early planet by intense early meteorite bombardments constitutes a key prebiotic source. We collect the fatty acid abundances measured in various carbonaceous chondrites from the literature and analyze them for patterns and correlations. Fatty acids in meteorites include straight-chain and branchedchain monocarboxylic and dicarboxylic acids up to 12 carbons in length-fatty acids with at least 8 carbons are required to form vesicles, and modern cell membranes employ lipids with ∼12-20 carbons. To understand the origin of meteoritic fatty acids, we search the literature for abiotic fatty acid reaction pathways and create a candidate list of 11 reactions that could potentially produce these fatty acids in meteorite parent bodies. Straight-chain monocarboxylic acids (SCMA) are the dominant fatty acids in meteorites, followed by branched-chain monocarboxylic acids (BCMA). SCMA are most abundant in CM2 and Tagish Lake (ungrouped) meteorites, ranging on average from 10 2 ppb to 4×10 5 ppb, and 10 4 ppb to 5×10 6 ppb, respectively. In CM, CV, and Tagish Lake meteorites, SCMA abundances generally decrease with increasing carbon chain length. Conversely, SCMA abundances in CR meteorites peak at 5 and 6 carbons in length, and decrease on either side of this peak. This unique CR fatty acid distribution may hint at terrestrial contamination, or that certain fatty acid reactions mechanisms are active in different meteorite parent bodies (planetesimals). We identify Fischer-Tropsch-type synthesis as the most promising pathway for further analysis in the production of fatty acids in planetesimals.
INTRODUCTION
Primitive cells (protocells) are a key component in the emergence of life as they allow for the concentration and protection of organics from the external environment, and the evolution of genetic material (Damer and Deamer 2015, Meierhenrich et al. 2010) . Protocells have two key components: an information polymer and an encapsulating membrane (Schrum et al. 2010 ). In the RNA world hypothesis, the first self-replicating information polymers to form on Earth were RNA (Gilbert 1986 , Neveu et al. 2013 , Pearce et al. 2017 , and the first encapsulating membranes were likely fatty acid vesicles (Damer and Deamer 2015 , Meierhenrich et al. 2010 , Schrum et al. 2010 .
As with the amino acids and nucleobases, the presence of fatty acids in meteorites suggests a planetesimal origin of these molecules. (Planetesimals are approximately 1-100 km-sized bodies originating from the protoplanetary disk.) Fatty acids are the most abundant water-soluble organic compounds in carbon-rich meteorites (i.e., carbonaceous chondrites) (Huang et al. 2005) . When immersed in water, these molecules spontaneously self-assemble into bilayers, which in turn form vesicles , Deamer and Pashley 1989 , Markvoort et al. 2010 .
While the majority of life today uses phospholipids in its cellular membranes, it is expected that the original molecules in membranes were smaller and less complex . Lipids in modern cell membranes generally have carbon chains 12-20 carbons long (Deamer and Pashley 1989) , whereas vesicles can be composed of a single fatty acid type as short as 8 carbons in length (Apel et al. 2002) . Meteorites contain fatty acids 2-12 carbons in length; therefore vesicles could indeed form directly out of meteorite-delivered fatty acids (Naraoka et al. 1999 , Shimoyama et al. 1989 , 1986 .
In previous works, we collected and compared the abundances of amino acids (Cobb and Pudritz 2014) and nucleobases within different types of carbonaceous chondrites. We then simulated the formation of these biomolecules within meteorite parent bodies and compared the resulting abundances with the meteoritic data. We determined the dominant reaction pathways for amino acids and nucleobases to be Strecker synthesis (Cobb et al. 2015) and Fischer-Tropsch-type synthesis (Pearce and Pudritz 2016) , respectively.
In this paper we extend our analyses of organics within meteorites to fatty acids by first collecting from the published literature the abundances of these molecules across the various carbonaceous chondrite types. We focus our analysis on 4 types of aliphatic fatty acids: straight-chain monocarboxylic acids (SCMA), branched-chain monocarboxylic acids (BCMA), straight-chain dicarboxylic acids (SCDA), and branched-chain dicarboxylic acids (BCDA). However, because the majority of meteoritic fatty acid studies to date have focused on measuring SCMA, the majority of our data and analysis are on this fatty acid type. A few short-chain aromatic carboxylic acids are also present in carbonaceous chondrites . Although the permeation of these molecules through lipid bilayers has been studied (Thomae et al. 2005) , such molecules are not thought to be incorporated into protocells. We analyze the fatty acid abundances in meteorites for patterns and search for correlations between fatty acids and other fatty acids, fatty acids and amino acids, and fatty acids and nucleobases.
We then perform a survey of the reaction routes that potentially formed these molecules within meteorite parent bodies. We focus on reactions that could occur in planetesimal interiors, and whose reactants are likely to have been present within such environments.
In section 2, we summarize the quantitative analyses of fatty acids in meteorites, and display the meteoritic abundances of fatty acids in search of patterns. In this section, we also look for correlations between abundances of straight-chain and branch-chain fatty acids, and compare abundances of fatty acids with those of glycine and guanine in the same meteorites. Then, in section 3, we list all well-known abiotic reaction mechanisms which form the types of fatty acids found in meteorites. We then reduce these mechanisms to a candidate list of reaction pathways which may have produced fatty acids in meteorite parent bodies. Next, in section 4, we suggest the dominant fatty acid synthesis pathways in these bodies based on the reactant abundances available in planetesimal interiors. In section 5, we discuss the distinct fatty acid distributions in CR and CM meteorites (see Table 1 for glossary of terms). Finally, in section 6, we summarize the main findings in this paper and state the future direction of our work.
METEORITIC FATTY ACIDS
Fatty acids are generally hydrocarbon chains capped by a carboxyl group (C(=O)OH). Diotic fatty acids (dicarboxylic acids) are capped by two carboxyl groups.
FIG. 1. a)
The general form of a carboxylic acid, and examples of b) a straight-chain monocarboxylic acid (SCMA), c) a branched-chain monocarboxylic acid (BCMA), d) a straightchain dicarboxylic acid (SCDA), and e) a branched-chain dicarboxylic acid (BCDA). Carboxylic acids are amphiphiles, consisting of a straight or branched hydrophobic carbon chain and one or more hydrophilic carboxyl groups. Molecules b)-e) are pentanoic acid, 3-methylbutyric acid, pentanedioic acid, and methylbutanedioic acid, respectively.
The majority of fatty acids found in carbonaceous chondrites are monocarboxylic acids; however there is also limited data on dicarboxylic acids. The general form of a carboxylic acid is represented in Figure 1a , followed by examples of a straight-chain monocarboxylic acid (SCMA), a branched-chain monocarboxylic acid (BCMA), a straight-chain dicarboxylic acid (SCDA), and a branched-chain dicarboxylic acid (BCDA) in Figure 1b-e. R represents the branched or unbranched hydrocarbon chain potentially capped by a carboxyl group. For example, in Figure 1b , R represents a hydrocarbon chain of length four. In branched-chain fatty acids, hydrocarbon chains can branch off of the main hydrocarbon tree at one or more locations. Varying the length and the branching of the R chain varies the identity of the carboxylic acid.
Meteoritic Fatty Acid Data
We search the literature for all analyses of fatty acids in meteorites to date and compile the reported abundances.
Fatty acids have been detected and quantified in CR, CM, CV and C (ungrouped) carbonaceous chondrites, spanning petrologic types 1-3. Meteorites are classified into petrologic types based on their level of hydrothermal alteration, the significance being that aqueous-based chemistry could have occurred in their parent bodies. For a summary on meteorite classification, see Appendix A. We present a summary of the fatty acid meteoritic data in Table B1 in Appendix B.
Analytical and extraction techniques differ from study to study, which may vary the losses and accuracy of the measured fatty acid abundances. Furthermore, meteoritic samples are susceptible to low levels of contamination during sample storage (Aponte et al. 2011 ). In one sample case (Tagish Lake 11v), small concentrations of contaminant have been measured (Hilts et al. 2014 ). However, deuterium enrichments, the lack of dominant hexadecanoic acid (SM16) and octadecanoic acid (SM18) abundances, and the low levels of amino acid contamination in the analyzed meteorite samples suggest that the abundances of fatty acids in these studies are largely extraterrestrial in origin. Moreover, the decreasing fatty acid abundances for increasing carbon-chain length in the C2 (Tagish), CM, and CV meteorites is indicative of an extraterrestrial origin (Lawless 1973, Lawless and Yuen 1979) . For the CR meteorites, the peak in fatty acid abundances at 5-6 carbons may suggest some level of terrestrial contamination. Increased ambiguity also exists for the CR samples due to their lack of deuterium data. For more details on the experimental methods used in the fatty acid analyses, and a discussion on contamination, see Appendices B and C, respectively.
Fatty Acid Abundances in Meteorites
Fatty acid abundances are reported in parts-per-billion (ppb) per mass of bulk meteorite material. In Figures 2A,  2B , and 3, we display SCMA abundances in CM, CR, and Tagish Lake (ungrouped) meteorites, respectively. Data points are connected to aid in the tracing of abundances of any particular SCMA across different meteorites. SCMA are referred to by their carbon chain length (see the left column of Table 2 ). Meteorites are ordered by petrological type, and then by decreasing abundance of SM2: the shortest and typically most abundant SCMA.
One of the CM meteorites analyzed for SCMA is of petrologic type 1, and thirteen are of petrologic type 2 (see Appendix A for details on petrologic types). Half of the CM2 meteorites analyzed are samples of the Murchison meteorite; we have labeled these with identifiers in parentheses, as noted in Table B1 . SCMA with chain lengths 2-12 carbons long were detected. In most cases, SM2 is the most abundant SCMA within CM meteorites, with the other SCMA decreasing in abundance with increasing chain length. SM2-SM12 abundances in CM meteorites range from 1 ppb to 3.2×10 6 ppb. Within Pudritz 2014, Pearce and .
No SCMA with chain lengths longer than 12 were detected. This is likely a consequence of the decreasing thermodynamic favourability of producing fatty acids in meteorite parent bodies with increasing chain lengths. In this case, SM13 abundances in meteorites may simply be too low to detect.
One of the CR meteorites analyzed for SCMA is of petrologic type 1, four are of petrologic type 2 and two are of petrologic type 3. The longest SCMA chain detected in CR meteorites is 10 carbons long. Only EET-87770 matches the trend of the CM meteorites, showing decreasing abundance with increasing chain length. EET-87770 also contains 1-2 orders of magnitude less SM5-SM10 compared to the other CR meteorites. All other CR meteorites contain higher abundances of SM4-SM9 compared to the shorter and longer SCMA. SCMA abundances in CR meteorites range from 1 ppb to 1.5×10 4 ppb. SCMA abundances were analyzed in 8 samples of the ungrouped Tagish Lake meteorite, which is of petrologic type 2. The analyses performed did not determine SM5 and SM7 abundances, and did not search for fatty acids longer than SM10. SCMA abundances in the Tagish Lake meteorite samples follow the same pattern as the CM meteorites: SCMA abundances decline with increasing chain length. SCMA abundances in the ungrouped Tagish meteorites range from 10 ppb to 1.8×10 7 ppb. For each number of carbons, there can be many different BCMA molecules. BCMA with the same number of carbons differ by the location in the carbon chain where branching occurs. For example, BCMA with 5 carbons include S-(+)-2-methylbutyric acid, R-(-)-2-methylbutyric acid, 3-methylbutyric acid and 2,2-dimethylpropanoic acid. We display BCMA as a sum of all permutations with the same number of carbons (e.g., ΣBM5 refers to the sum of the 4 molecules listed above)
Abundances of straight-chain monocarboxylic acids (SCMA) in (A) 14 CM-type and (B) 7 CR-type meteorites, expressed in parts-per-billion (ppb). SCMA are labelled by their carbon chain length; see Table 2 for corresponding IUPAC names. Fatty acid abundances in CM and CR meteorites range from 1 ppb to 3.2×10 6 ppb and 1 ppb to 1.5×10 4 ppb, respectively.
as some studies did not analyze these molecules separately.
In Figure 4 , we display BCMA abundances in CR-and CM-type meteorites. BCMA with 4-10 carbons were detected. CR meteorites have higher abundances of highercarbon-number BCMA (i.e., ΣBM5, ΣBM6, ΣBM8) than the lowest-carbon-number BCMA (i.e., ΣBM4). BCMA in CM meteorites, however, demonstrate lower abundances with increasing carbon number. These behaviors match those of the SCMA in CR and CM meteorites. BCMA in CR and CM meteorites range from 80 ppb to 2.9×10 4 ppb, and 520 ppb to 1.8×10 6 ppb, respectively. For further meteoritic data, including dicarboxylic acids and the sum of all fatty acids within each meteorite, see Appendix D.
Fatty Acid Comparisons and Correlations
In Figure 5 , we compare the abundances of each SCMA with the sum of BCMA with the same carbon number (e.g. SM4 is compared with ΣBM4). We perform a Pearson correlation between each pair of abundances within all meteorites where measurements were available. For carbon numbers up to 7, the SCMA and sum of BCMA abundances are correlated with a significance of p < 0.05 (however, for the SM7/ΣBM7 comparison, there were only 5 meteorite samples; therefore this particular cor-C2 (Tagish Lake) FIG. 3 . Abundances of straight-chain monocarboxylic acids (SCMA) in 8 samples of the Tagish Lake meteorite-an unclassified C-type carbonaceous chondrite-expressed in parts-per-billion (ppb). SCMA are labelled by their carbon chain length; see Table 2 for corresponding IUPAC names. Abundances range from 10 ppb to 1.8×10 7 ppb.
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FIG. 4. Abundances of branched-chain monocarboxylic acids (BCMA) in 6 CR-type and 8 CM-type meteorites, expressed in parts-per-billion (ppb). BCMA are labelled as a sum of BCMA with equivalent carbon numbers, e.g., ΣBM5 = S-(+)-2-methylbutyric acid, R-(-)-2-methylbutyric acid, 3-methylbutyric acid and 2,2-dimethylpropanoic acid. Abundances range from 1 ppb to 1.8×10 6 ppb.
relation may not be statistically significant).
For a carbon number of 8, the SCMA and sum of BCMA abundances are not correlated. This suggests that the dominant reaction mechanism forming SCMA up to ∼7 carbons in length in meteorite parent bodies may be the same as the reaction mechanism forming the BCMA with as many carbons. For a given carbon number 7, the abundances of SCMA and the sum of BCMA are very close across all meteorites. This suggests that it is equally favourable to form a particular SCMA with less than ∼7 carbons as it is to form all the BCMA with an equivalent number of carbons.
In Figure 6 , we compare SCMA abundances with the most abundant amino acid, glycine, and the most abundant nucleobase, guanine, in carbonaceous chondrites. In some studies, meteorite samples were analyzed for both SCMA and glycine (e.g., Hilts et al. (2014) , Pizzarello et al. (2008 Pizzarello et al. ( , 2012 ). In other cases, glycine, guanine and SCMA were analyzed in different samples of the same meteorite, in separate studies. Table 2 for corresponding IUPAC names. BCMA are labelled as a sum of BCMA with equivalent carbon numbers, e.g., ΣBM5 = S-(+)-2-methylbutyric acid, R-(-)-2-methylbutyric acid, 3-methylbutyric acid and 2,2-dimethylpropanoic acid. guanine abundances were collected from studies which obtained their meteorite samples from the same curator as the SCMA study (e.g. Smithsonian National Museum of Natural History).
There does not appear to be a relation between the abundances of fatty acids and abundances of amino acids or nucleobases across meteorite samples. Glycine ranges from one order of magnitude more abundant to four orders of magnitude less abundant than SCMA in meteorites. Glycine is more abundant than all SCMA in the CR2, CR3 and two of the CM2 meteorites (Y-791198 and Y-74662). In the remaining CM2 meteorites, and the one CR1 meteorite, most or all SCMA are more abundant than glycine.
Why is there such a strong variation in which of these molecules are most abundant in carbonaceous chondrites? Part of the answer is likely due to the fact that SCMA and amino acids are produced from different reactants, i.e., the Strecker synthesis of amino acids requires NH 3 and HCN, whereas SCMA are likely produced from
FIG. 6. Straight-chain monocarboxylic acid (SCMA) abundances compared with glycine and guanine abundances in all meteorites with available data. For CR meteorites, all glycine and SCMA data were obtained from the same studies (i.e., the data came from the same meteorite samples). In all other cases, glycine and guanine data were selected from studies that obtained their meteorite samples from the same curator as the SCMA study (e.g., Smithsonian National Museum of Natural History, Arizona State University). The data sources are listed in Table B1 . Meteorites are sorted by monotonically decreasing glycine abundance.
reactants like H 2 , CO and other non-nitrogen-containing molecules (see Table 3 ). The variable initial concentrations of these reactants within meteorite parent bodies will cause amino acid and SCMA abundances to fluctuate in meteorites. Competition between reactions also plays a role in how much of each molecule is produced. For example, if initial NH 3 abundances are low within a meteorite parent body, the formation of hydroxy acids will be favoured over amino acids (Cobb et al. 2015) . Guanine abundances are comparable to 5 orders of magnitude lower than SCMA abundances in meteorites. Both nucleobases and SCMA can form via a FischerTropsch-type (FTT) reaction, i.e.,
CO + H 2 + other
However unlike SCMA, nucleobases also require NH 3 (in the place of "other" in the above equation) to form by FTT synthesis in meteorite parent bodies. Moreover, a significant portion of nucleobase synthesis in CR2 meteorite parent bodies is thought to take place through pathways involving HCN (e.g. 5 HCN + H 2 O − −→ Guanine + H 2 ) (Pearce and Pudritz 2016) . Thus, it is conceivable that the variation in relative guanine and SCMA abundances in meteorites can be explained by the difference in initial concentrations of these reactive nitrogen molecules within meteorite parent bodies.
In Figure D3 , we compare amino acids and their monocarboxylic acid decay products within several meteorites and find no correlation.
Fatty Acid Abundance Patterns
In Figure 7 , we plot the average SCMA abundances in the different meteorite subclasses. A downward trend of average SCMA abundances with increasing carbon length is apparent in the CM1, CM2, C2 (ungrouped), and CV3 meteorites. This trend is not apparent in the CR meteorites. The average SCMA abundances in CR meteorites peak at SM5 or SM6, and decrease with both increasing and decreasing carbon number from this central bump.
In Figure 8 , we display the average abundance of each SCMA within the Murchison and Tagish Lake meteorites versus carbon-length. To calculate the averages for the Tagish Lake meteorite, all eight available meteorite sample analyses were used. For the SCMA averages in the Murchison meteorite, only the two samples which analyzed all SM2-SM10 monocarboxylic acids were used.
We see a striking, simple pattern: in both the Tagish Lake and Murchison meteorites, average SCMA abundances decrease with increasing carbon number. This is likely a consequence of thermodynamics in the parent bodies, where larger chains are less energetically favourable to form in comparison to shorter chains, e.g., Higgs and Pudritz (2009) . Given that the Tagish Lake sample can be regarded as "pristine" in view of how it was collected, this figure also suggests that the Murchison data, in following the Tagish data trend, has relatively low levels of terrestrial contamination (see Appendix C).
It is worth emphasizing that only SCMA with ≥ 8 carbons form stable vesicles (Apel et al. 2002) . Abundances Table 2 for corresponding IUPAC names. Both the Murchison and Tagish Lake meteorites exhibit decreasing average abundances of SCMA with increasing carbon chain length. SCMA with at least 8 carbons can form stable vesicles (Apel et al. 2002) .
of SCMA with ≥ 8 carbons are on average 0-2 orders of magnitude less abundant than those with < 7 carbons in the Murchison and Tagish Lake meteorites. However, average abundances of SCMA with ≥ 8 carbons are still relatively high (∼10 4 -10 5 ppb) compared to biomolecules such as guanine (∼10 2 ppb) and glycine (∼10 3 -10 4 ppb) in the same meteorites.
Average Relative Fatty Acids Abundances
Fatty acid abundances can differ by several orders of magnitude from one meteorite to another; therefore it is important to analyze the abundances of fatty acids in a relative way. In the left and right panels in Figure 9 , we display the average abundances of SCMA rel-
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FIG. 9. Mean abundances of straight-chain monocarboxylic acids (SCMA) in CM2 (left) and CR2 (right) meteorites relative to ethanoic acid (SM2). SCMA are labelled by their carbon chain length; see Table 2 for corresponding IUPAC names. Error bars represent 1 standard deviation. Lower error bars not shown if they extend to 0.
ative to SM2 in CM2, and CR2 meteorites, respectively. In CM2 meteorites, average relative SCMA abundances generally exhibit a decline with increasing chain length, however SM12 is noticeably more abundant than SM10 and SM11. In CR2 meteorites, relative SCMA abundances peak around SM5 and SM6 and decline for increasing and decreasing carbons from that peak. Average relative SCMA abundances remain within 2 orders of magnitude of SM2 for CM2 meteorites, and within 1 order of magnitude of SM2 for CR2 meteorites.
ABIOTIC FATTY ACID SYNTHESIS
In this section, we turn our attention to identifying the potential reaction pathways which formed fatty acids in meteorite parent bodies. We first search the literature for all known SCMA, BCMA, SCDA, and BCDA reaction pathways (see Table 1 for glossary of terms). We then narrow these pathways down to a list of candidate reactions that potentially produced fatty acids in meteorite parent bodies. Fatty acid reaction pathways only make it onto the candidate list if A) they can occur in the environment of meteorite parent body interiors, and B) their reactants are found in the spectra of comets. The latter criterion is required as comets are generally thought to be the most pristine bodies in our solar system, roughly containing the same basic starting materials that were available within planetesimals (Alexander 2011 , Pearce and Pudritz 2016 , Rauer 2008 , Schulte and Shock 2004 .
Candidate Reaction Pathways in Planetesimals
In Table 3 , we summarize 11 candidate reaction pathways that potentially produced fatty acids in meteorite parent bodies. We also list the fatty acid types (SCMA, BCMA, or SCDA) that the reactions are known to produce. None of the reaction pathways are known to produce BCDA, however this may be because BCDA are not commonly analyzed in experiments. A slash (/) is used to signify "or".
Reaction Mechanisms
We categorize the main reaction mechanisms that form straight-and branched-chain monocarboxylic and dicarboxylic acids into 5 groups below. We list these mechanisms in rough order of decreasing likelihood of occurrence within meteorite parent bodies.
Fischer-Tropsch-type (FTT) reactions have long been suggested as a potential mechanism that formed the fatty acids in meteorites (Hayatsu and Anders 1981) . To form SCMA and BCMA via this mechanism, carbon monoxide must first be adsorbed onto the surface of a catalyst like iron or nickel, and then react with H 2 and water (de Klerk 2011, Schulz et al. 1988 ). The fatty acid chain can then be elongated or branched off through further reactions with carbon monoxide and H 2 , or shortened by reacting with water (de Klerk 2011, Schulz et al. 1988) . FTT reactions can occur both in the gas and aqueous phases.
Several non-catalytic (NC) reaction mechanisms are known to form fatty acids. The three most likely to occur in meteorite parent bodies are the reaction of CO 2 with H 2 (Shock and Canovas 2010), the decay of α-amino acids by loss of their amine functional group (-NH 2 ) (Elsila et al. 2016) , and the reaction of CO 2 with polycyclic aromatic hydrocarbons (PAH) (Shock and Schulte 1990) . Other NC reactions are less likely to occur in meteorite parent bodies because at least one of their reactants are absent in comets. These include the degradation of sugars (Novotný et al. 2008) , the hydrolysis of compounds such as esters (Chandru et al. 2016, Day and Ingold 1941) , reactions of ketones with enols (de Klerk and Furimsky 2010), Arndt-Eistert synthesis (Wang 2008) and Gallagher-Hollander degradation (Mundy et al. 2005) .
Some catalytic (CA) mechanisms (besides FTT synthesis) also produce fatty acids. The four most likely to produce fatty acids longer than SM2 in planetesimals are the reaction of CO with acetylene (C 2 H 2 ) in the presence of nickel sulfide (Scheidler et al. 2016) , the reaction of aqueous formamide in the presence of carbonaceous chondrite material (Rotelli et al. 2016) , and the elongation and shortening of carboxylic acids that are adsorbed onto a catalyst like Fe or Ni through the reaction with CO and H 2 , and H 2 O, respectively (de Klerk 2011, Schulz et al. 1988 ). Cody et al. (2004) also produced a wide array of straight-chain and branched-chain monocarboxylic acids by reacting nonane thiol with carbon monoxide in aqueous solution in the presence of transition metal sulfides. However, nonane thiol is not found in comets, and is thus unlikely to be a reactant available within meteorite parent bodies. Carboxylic acids can also be produced by hydrolyzing nitriles or oxidizing aldehydes in the presence of acid catalysts such as sulfonic acid, hydrochloric acid, and quaternary ammonium bisulfate (Sato et al. 2000 , Starks 1970 . There are several possible reaction mechanisms likely to produce SM2 (ethanoic acid) in planetesimals, including the carbonylation of methanol in the presence of nickel (Yoneda et al. 2001) , the oxidation of methane in the presence of an platinum/alumina or palladium/carbon catalyst (Wilcox et al. 2003) , and production from ethanol via the "aldehyde-water shift" reaction in the presence of copper-chromium (Xiang et al. 2003) .
Miller-Urey experiments have produced monocarboxylic and dicarboxylic acids using simple reactants such as methane and nitrogen (Yuen et al. 1981 , Zeitman et al. 1974 .
Cosmic ray simulation experiments have produced carboxylic acids through exposure of water and carbon dioxide to electrons (Kim and Kaiser 2010) . Both cosmic rays and ultraviolet radiation can also initiate gas-phase ion chemistry, which has been demonstrated to produce carboxylic acids (Blagojevic et al. 2003) . Finally, photodecarboxylation (with visible light) of α-hydroxycarboxylic acids has also been shown to produce carboxylic acids in the presence of an iodine catalyst (Nakayama and Itoh 2008).
The interior of a planetesimal is likely not an environment where cosmic rays, electron beams, or ultraviolet or visible light would be present; therefore we only consider FTT, NC and CA reactions as likely producers of carboxylic acids within meteorite parent bodies. We acknowledge that some meteoritic carboxylic acids may have originated from cosmic ray-and UV radiationdriven chemistry on the surfaces of icy grains that later accreted onto planetesimals; however we do not analyze this hypothesis in this paper.
SUGGESTED DOMINANT REACTION PATHWAYS
Pearce and Pudritz (2016) showed that the production of nucleobases in meteorite parent bodies is mainly driven by the initial concentration of each reaction's limiting reagent. In other words, whether a nucleobase reaction will dominate in a meteorite parent body is more dependent on the initial concentration of its reactants than the magnitude of its thermodynamic favourability. If this also holds true for fatty acid synthesis in meteorite parent bodies, then we can analyze which reaction pathways in Table 3 will dominate fatty acid synthesis in planetesimals based on the concentrations of their reactants within comets. Cometary concentrations are chosen instead of meteoritic concentrations as the former are likely the least aqueously altered bodies in the Solar System, and thus, their molecular inventory may better repre-sent the interiors of early icy carbonaceous planetesimals (Alexander 2011 , Pearce and Pudritz 2016 , Rauer 2008 , Schulte and Shock 2004 . Furthermore, the mineralogy and chemistry of CI and CM meteorites is consistent with a cometary origin, and some carbonaceous asteroids are even known to exhibit cometary activity (Scott and Krot 2003) .
In Table 4 , we display cometary abundances of the reactants from the candidate reaction pathways of fatty acid synthesis within planetesimals. H 2 O, CO, and H 2 are the most abundant fatty-acid-producing molecules in comets, likely being incorporated into these bodies via the agglomeration of condensates and/or clathrate hydrates in the protoplantary disk (Mousis et al. 2010) . (Clathrates are cage-like ice structures which host molecules like CO and H 2 in the gas phase.) These molecules suggest FTT synthesis may dominate the production of SCMA and BCMA in meteorite parent bodies.
This conclusion is in agreement with the correlation between SCMA and the sum of BCMA in meteorites for carbon numbers 7 (see Figure 5 ), which suggests the dominant reaction pathway produces both of these fatty acid types in meteorite parent bodies. Since CO 2 is only 2-4 times less abundant than carbon monoxide, reaction no. 2 may be the 2nd largest producer of SCMA. Due to this relatively high concentration of CO 2 in comets, reaction no. 3 may be the leading producer of dicarboxylic acids in planetesimals. Because the forward reaction no. 8 can elongate any SCMA and BCMA produced within planetesimals, this reaction is likely very important in the production of longer chain fatty acids in these bodies. However, because of the relatively low amount of formic acid (SM1) in comets, the source of shorter chain fatty acids for forward reaction no. 8 is likely not directly from the protoplanetary disk. Methanol and methane are about an order of magnitude less abundant in comets than CO, suggesting reaction nos. 9 and 10 may have played a small role in producing SM2 within planetesimals. All other reactants are more than an order of magnitude less concentrated in comets, and thus likely only produced a limited fraction of the fatty acids we observe in meteorites.
DIFFERING FATTY ACID ABUNDANCE PATTERNS IN CM AND CR METEORITES
Why is there a discrepancy between the fatty acid abundance patterns in CR meteorites and those in CM or C (ungrouped) meteorites? One solution is that certain reaction mechanisms (e.g., non-catalytic (NC) reactions) could be active in different meteorite parent bodies. In previous work, we found that NC nucleobase reactions were likely more significant in CR parent bodies than in CM parent bodies, as carbon monoxide depletion would have reduced FTT synthesis in CR2 parent bodies (Pearce and Pudritz 2016) . The evidence for this is in the relatively high abundances of NH 3 -the usual limit- (Mumma and Charnley 2011) . H2 has been detected in comets by rotationally resolved molecular hydrogen transitions, and its abundance is thought to be significant (Liu et al. 2007 ). The ethanol concentration represents the value measured in the spectra of Comet Lovejoy (Biver et al. 2015) . Glycine (the simplest amino acid) and benzene (the simplest PAH) concentrations are measured in the coma and on the surface of comet 67P/ChuryumovGerasimenko (Altwegg et al. 2016 , Wright et al. 2015 .
Reactant
Concentration (mol X/mol H2O) Another explanation is contamination. Having a decreasing fatty acid abundance with an increasing number of carbon atoms is indicative of an extraterrestial origin (see Appendix C), which may suggest that the majority of the CR2 samples were subjected to some level of contamination.
The answer to the source of fatty acids in CR-type meteorites will remain unclear until more CR-meteorite samples are measured for fatty acids and analyzed for deuterium enrichment (see Appendix C for more details).
CONCLUSIONS
In this paper, we compile and examine fatty acid abundances in meteorites and collect the potential reaction pathways responsible for their formation within the parent bodies. We focus our analysis on straight-chain monocarboxylic acids (SCMA), branched-chain monocarboxylic acids (BCMA), straight-chain dicarboxylic acids (SCDA) and branched-chain dicarboxylic acids (BCDA), as these molecules have been demonstrated to form vesicles or are suggested to be incorporated into the membranous boundary of the first protocells. Fatty acids have been detected in CM, CR, CV, and the Tagish Lake meteorites, spanning petrologic types 1-3.
We discern various trends in the data by displaying fatty acid abundances in different ways, and comparing fatty acid abundances with those of amino acids, nucleobases and other fatty acids. We are especially interested in the systematic trends of abundances of fatty acids with increasing carbon number, and the relative abundances of straight versus branched chain molecules in view of their incorporation into vesicles upon mixing with water. We identified 11 candidate reaction pathways that potentially form fatty acids within meteorite parent bodies. We classified these pathways into three categories: Fischer-Tropsch-type (FTT), non-catalytic (NC), and catalytic (CA). We will follow up on these proposed reactions in a future theory paper on fatty acid synthesis.
The top three results from the meteoritic fatty acid analysis are:
• On average, CM2 and Tagish Lake (ungrouped) meteorites contain greater fatty acid abundances than other meteorite subclasses. Average abundances of SCMA in CM2 and Tagish Lake meteorites range from 10 2 ppb to 4×10 5 ppb, and 10 4 ppb to 5×10 6 ppb, respectively. Average abundances in CR2 meteorites range from 1-7×10 3 ppb.
• Within CM, CV, and C (ungrouped) meteorites, SCMA abundances generally decrease with increasing chain length. Within CR meteorites, SCMA abundances peak at chain lengths 5-6 carbons long. These dissimilar patterns may suggest that the reaction pathways producing fatty acids in CR parent bodies differ from those that produce fatty acids in other carbonaceous chondrite parent bodies. Alternatively, the CR meteorite fatty acid abundance pattern may be the result of some level of contamination.
• For a given carbon number 7, SCMA abundances are correlated with the sum of BCMA abundances with a significance of p < 0.05. This suggests that for shorter chains, the reaction pathway producing SCMA within meteorite parent bodies is related to that which produces BCMA, and for longer chains, different reaction pathways are involved.
Other significant results from analysis of the meteoritic data include:
• BCMA abundances similarly decrease with increasing chain length in CM meteorites, and peak in carbon numbers around 5-6 in CR meteorites.
• There is no correlation between SCMA abundances in meteorites and glycine or guanine abundances in meteorites. This is likely due to the fact that glycine and guanine are produced from NH 3 and/or HCN, which vary in initial concentrations in meteorite parent bodies, while SCMA are produced from molecules that do not contain nitrogen.
• There is no correlation between amino acids and their monocarboxylic acid decay products within meteorite parent bodies. This suggests the amino acid decay pathway (reaction no. 4 in Table 3) is not the dominant source of monocarboxylic acids within meteorite parent bodies.
The top two results from the analysis of fatty acid reaction pathways are:
• We identified 11 candidate abiotic reaction pathways which possibly produced fatty acids within carbonaceous chondrite parent bodies. However, only seven of these candidate reaction pathways were likely to produce fatty acids with more than 2 carbons. These reactions are categorized into three types: FTT, NC, and CA.
• FTT synthesis is likely the dominant reaction pathway producing SCMA and BCMA in meteorite parent bodies. This is due to the likely high initial concentrations of FTT reactants H 2 O, CO, and H 2 in planetesimals.
Other significant results from analysis of fatty acid reaction pathways include:
• NC reactions of H 2 with CO 2 likely produced an appreciable abundance of SCMA, BCMA, and may have been the most abundant producer of dicarboxylic acids within planetesimals.
• The elongation reaction was likely key in the production of longer chain SCMA and BCMA in meteorite parent bodies.
In a future study, we plan to computationally simulate each candidate reaction pathway in meteorite parent body environments, and compare the results to the measured meteoritic abundances collected in this paper.
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For a more detailed review of each meteorite subclass, we refer readers to one of our previous papers, Cobb and Pudritz (2014) or Cobb et al. (2015) .
APPENDIX B -ANALYTICAL AND EXTRACTION TECHNIQUES FOR FATTY ACID ANALYSES IN METEORITES
In Table B1 , we present a summary of the fatty acid meteoritic data. Most studies make use of gas chromatography (GC) to quantify fatty acid abundances, however this is usually coupled to a mass spectrometer (GC-MS), a flame ionization detector (GC-FID), both (GC-FID-MS) or a combustion system (GCC). GC separates the molecules in a mixture by dissolving the mixture in a gas and sending it through a column. The molecules travel at different speeds through the column, separating them for detection. If a FID is coupled to the system, the mixture is then sent through a flame (typically H 2 ), which oxidizes organics, producing ions for detection. If a MS is coupled to the system, the mixture is then bombarded with electrons and accelerated through an electric or a magnetic field. This separates ions based on their massto-charge ratio for detection. Finally, in the case of a GCC, the mixture is passed through an oven (typically a tube containing high-temperature wires), which oxidizes organics, producing ions for detection. The only additional technique used to analyze fatty acids in meteorites is ion-exclusion chromatography (IEC), which separates molecules in aqueous solution by passing them through a column containing an ion exchange resin, taking advantage of each species' varying tendency to ionize in solution.
Studies also varied in their extraction techniques (i.e. the initial separation of fatty acids from other compounds in a mixture prior to feeding them into the chromatograph). Some studies used liquid-liquid extractions, where molecules are separated based on their relative solubilities in two different solvents. Recent studies (e.g. Aponte et al. (2014) , Hilts et al. (2014) ) made use of solid-phase microextraction (SPME), in which fatty acids are gathered by a coated fibre before feeding them into the GC. By forgoing the need of a solvent, SPME reduces the evaporative loss of fatty acids compared to the former technique (Huang et al. 2005) .
The study by Lawless and Yuen (1979) was the only one to include uncertainties with their fatty acid abundances, ranging from 1.6% to 33%-with lower uncertainties corresponding to the shorter-chained fatty acids.
APPENDIX C -POSSIBILITY OF CONTAMINATION
In this section, we discuss the evidence for and against an extraterrestrial origin for the meteoritic fatty acids analyzed in this paper. At the end of this section, we use this evidence to assess the likelihood of contamination.
Supporting an Extraterrestial Origin
The most scientifically rigorous method used to determine the origin of meteoritic fatty acids is to determine the deuterium enrichment in the sample (Aponte et al. 2011 , Herd et al. 2011 , Hilts et al. 2014 , Huang et al. 2005 , Pizzarello and Huang 2002 . Interstellar compounds exhibit an enrichment in deuterium as a result of low temperature ion-molecule reactions (Epstein et al. 1987) . When it comes to biochemical reactions, on the other hand, the lighter isotope is very often enriched due to kinetic effects (Hoefs 2009 ). Hydrogen and deuterium have the largest mass difference relative to other elements and their isotopes, therefore they exhibit the largest range of isotope ratios, e.g. δD ∼ -150 to -25 for sedimentary rocks, δD = 0 for ocean water, δD ∼ -350 to +50
for snow and rain water, and δD ∼ +100 to +3600 for interstellar and meteorite parent body sources (Hoefs 2009 , Pizzarello et al. 2008 . Carboxylic acids of extraterrestrial origin should therefore exhibit deuterium enrichment relative to terrestrial values (Epstein et al. 1987 , Gilmour 2003 .
Out of the 17 meteoritic analyses reviewed in this paper, six performed deuterium analyses and concluded that their samples were low in contamination (Aponte et al. 2011 , Herd et al. 2011 , Hilts et al. 2014 , Huang et al. 2005 , Pizzarello and Huang 2002 . These analyses include the two most widely studied meteorites for fatty acids: the Murchison and Tagish Lake meteorites.
The Tagish Lake meteorite is well known to be the most pristine carbonaceous meteoritic sample collected to date. This is due to the fact that it was collected without direct hand contact just a few days after it fell, and all but one fragment have been kept below 0
• C since their collection Herd et al. (2011 ), Hilts et al. (2014 .
It has been suggested that the decrease in monocarboxylic acid concentrations with increasing number of carbon atoms is indicative of extraterrestial origin, as living organisms are more selective in the fatty acids they produce and consume (Lawless 1973, Lawless and Yuen 1979) . In Figure C1 , we compare the Tagish Lake fatty acid abundances with those from the small available subset of biological sources in the literature (Aguilar et al. 2014 , Amer et al. 2015 , Zhao et al. 2016 , Zheng et al. 2013 .
In the Tagish Lake samples, SCMA abundances decline with increasing chain length, with only a few samples exhibiting slight variations to this trend. This pattern can not be equally stated for the biological (mammalian) samples. For example, in two of the three cheese samples, the exact opposite pattern is seen, and in all cheese samples SM10 is more abundant than the 3 shorter analyzed fatty acids. Furthermore, in the pig and four rat feces samples, SM4 is more abundant than SM3, and in three of the rat feces samples, SM6 is more abundant than SM5.
Hexadecanoic acid (SM16), and octadecanoic acid (SM18) are the dominant terrestrial monocarboxylic acids (Han et al. 1969) . Neither of these fatty acids were reported in any of the meteoritic fatty acid analyses in this paper.
Finally, some of the meteoritic analyses suggested that the lack of contamination of amino acids in their meteorite samples suggests that the fatty acids in these samples are also of extraterrestrial origin (Dillon et al. 2013 , Pizzarello et al. 2008 , 2012 , Shimoyama et al. 1989 , 1986 .
Opposing an Extraterrestial Origin Aponte et al. (2011) note that shorter acids such as ethanoic acid (SM2) are susceptible to contamination during sample storage due to microbial activities. This may be the reason why SM2 exhibits the lowest enrichments in deuterium compared to the longer monocarboxylic acid chains (Hilts et al. 2014) . Furthermore, three meteorite samples (Murchison (H), ALH-84034, and MET-00430) had two or three fatty acids exhibiting low negative δD values (Aponte et al. 2011) , meaning these data may have been subjected to a small degree of contamination.
The deuterium analyses for the Tagish Lake meteorite samples are incomplete. Deuterium isotopes were only measured for sample 5b, and only for fatty acids with 5 carbons or less. The deuterium enrichments of fatty acids in sample 5b suggest it was largely free of contamination, however sample 11v contained many contaminants from its storage medium, including terrestrial limonene (Hilts et al. 2014) .
Meteoritic distributions
Mammalian distributions
Comparion of straight-chain monocarboxylic acids (SCMA) abundances in Tagish Lake meteorite samples (left) to those in various mammalian sources (right). Data collected from a variety of sources: Tagish Lake samples (Herd et al. 2011 , Hilts et al. 2014 , cheese samples Aguilar et al. (2014) , pig feces sample (Amer et al. 2015) , rat feces sample A (Zhao et al. 2016) , and rat feces samples B, C, and D and human feces sample (Zheng et al. 2013) . Studies varied in the fatty acids they analyzed, no complete analysis of SM2-SM10 in a biological sample was found. SCMA are labelled by their carbon chain length; see Table 2 for corresponding IUPAC names.
Summary
Meteoritic contamination is never completely zero, as all of the meteorite samples to date have been exposed to the Earth's atmosphere and surface for some duration. Contamination can, however, be low enough (e.g. within a few percent) to not greatly affect the organic abundances and distributions. Unfortunately, one cannot use isotopes to determine the percent contamination within meteorites without knowing the exact isotopic composition of the reservoir out of which the meteorite parent body was built. In any case, the general deuterium enrichment in several meteoritic samples suggests that contamination should be low, and should not greatly affect the fatty acid abundances and distributions.
The consistent decreasing fatty acid abundance for increasing carbon chain length for the CM and Tagish Lake meteorites is another strong indication that the fatty acids within these meteorites are extraterrestrial in origin.
As for the CR meteorites analyzed in this paper, with the exception of EET-87770, their fatty acid abundance patterns which peak around SM5 and SM6 and decline for increasing and decreasing carbons may hint that they have been subjected to some level of contamination. On the other hand, based on the pattern of fatty acids in the small subset of biological samples available in the literature (see Figure C1 ), we might expect contaminated samples to exhibit a less distinct pattern than the consistent pattern exhibited across all but one CR meteorite sample. Indeed, this distinct pattern seen in the CR meteorite samples may be the result of different reactions mechanisms being active in different meteorite parent bodies.
As a whole, there is a strong case for the extraterrestrial origin of all the CM and Tagish Lake meteoritic fatty acids. However, we advise caution in concluding the same origin for the CR meteoritic fatty acids until the deuterium isotope standard for contamination analysis is undertaken.
APPENDIX D -ADDITIONAL DATA AND COMPARISONS

Meteoritic Dicarboxylic Acids
In Figure D1 , we display SCDA and the sum of BCDA abundances in the three meteorites analyzed for dicarboxylic acids to date. Similarly to monocarboxylic acids, dicarboxylic acids have several branched-chain forms for any given carbon number which differ based on the location in the carbon chain where branching occurs. Meteoritic data on dicarboxylic acids is limited to one CM2, one CR2, and one Tagish Lake (ungrouped) meteorite sample. SCDA with 2-11 carbons and BCDA with 4-7 carbons have been detected in these meteorites. SD4 is the most abundant dicarboxylic acid in all meteorites; however SD2 and SD3 are also very abundant in the one meteorite sample in which they were detected.
Abundances of both SCDA and BCDA also generally decrease with increasing carbon number for all meteorite FIG. D1. Abundances of straight-chain dicarboxylic acids (SCDA) and branched-chain dicarboxylic acids (BCDA) in 1 CM2 meteorite (Murchison), 1 CR2 meteorite (GRA-95229), and 1 C2 meteorite (Tagish Lake), expressed in parts-per-billion (ppb). SCDA are labelled by their carbon chain length; see Table 2 for corresponding IUPAC names. BCDA are labelled as the sum of BCDA with equivalent carbon numbers, e.g., ΣBD5 = methylbutanedioic acid and ethylpropanedioic acid. SCDA abundances and the sum of BCDA abundances range from 30 ppb to 2.4×10 4 ppb, and 120 ppb to 1.6×10 4 ppb, respectively.
types; however we must be careful in drawing conclusions from a data set of this size. SCDA abundances in meteorites range from 30 ppb to 2.4×10 4 ppb, and the sum of BCDA abundances range from 120 ppb to 1.6×10 4 ppb.
Total Fatty Acids in Meteorites
In Figure D2 , we display the sum of all SCMA, BCMA, and dicarboxylic acids in each meteorite, separated by petrologic type (1, 2, or 3) and meteorite type (CR, CV, CM, or C-ungrouped) . In all but two cases, total SCMA abundances dominate over BCMA and dicarboxylic acid abundances. In one sample of the Murchison meteorite, BCMA abundances are greater than SCMA abundances. In the GRA-95229 meteorite, dicarboxylic acid abundances (SCDA + BCDA) were the most abundant fatty acids. Petrologic type 2 meteorites, on average, have the greatest abundances of fatty acids, dominated mostly by the CM2 and Tagish Lake (ungrouped) meteorites.
Amino Acids Compared with their Fatty Acid Decay Products
Amino acids decay into monocarboxylic acids through the loss of their amine functional group (Elsila et al. 2016) . In Figure D3 , we perform a Pearson correlation between amino acids and their monocarboxylic acid decay products in meteorites. We find no correlation or anti-correlation between the six displayed monocarboxylic acid/amino acid abundance pairs. This may suggest that the amino acid decay reaction (reaction no. 4 in Table 3 ) is not the dominant mechanism to forming monocarboxylic acids within meteorite parent bodies. This result is in agreement with Pietrucci et al. (2018) , who explored the decay products of glycine and isovaline using ab initio molecular dynamics. 
